I. INTRODUCTION

I
NTEGRATED chemical sensors are becoming increasingly popular for measuring ionic concentrations in solution. More specifically, the ion-sensitive field-effect transistor (ISFET) has emerged as an integrated device that is capable of sensing protons and, thus, pH [1] . To date, ISFETs have been implemented in both custom [1] and commercially available CMOS processes [2] , for sensing glucose [3] and neural activity [4] , in addition to general-purpose chemical imagers [5] , [6] .
Forty years ago, Bergveld [1] introduced the first ISFET devices that were fabricated in a custom silicon process. Thirty years later, Bausells et al. [2] implemented ISFETs in a commercially available CMOS process by utilizing the top passivation of the process as a H + sensing membrane. Although this approach has been successful in attaining pH sensitivities similar to the Nernstian [7] , it results to irregular variation of the device threshold voltage, which has been attributed to the existence of trapped charge [8] . Additional parasitic effects include the relatively low transconductance of ISFETs in unmodified CMOS [9] , [10] (compared to MOSFETs counterparts), due to the higher overall thickness of insulating layers deposited on the ISFET's channel. This letter presents a novel ISFET structure that has been developed in unmodified CMOS, without requiring postprocessing steps as in [11] . The remote gate of the device comprises of a polysilicon/aluminum extended gate with the overlying intermetal dielectric (IMD) being utilized as the sensing membrane (Fig. 1 ). Measured results demonstrate higher chemical sensitivity and transconductance, while the noise floor is at comparable levels with ISFETs of similar dimensions that utilize the full stack.
II. EXPLOITING PASSIVATION OPENING
CMOS technologies utilize a protective layer for passivating the underlying circuitry and their interconnects from direct exposure to ambient environment. As such, a final mask is typically used for defining bond-pad structures by removing the passivation, therefore exposing the top metal. Here, an etching process is utilized to remove the unwanted insulating passivation layer that is confined by the underlying metal that acts as an etchant stop.
During this work, we have experimented with structures that utilize the various metal layers of a typical three-metal process. Since the IMD of a standard CMOS process is SiO 2 , the passivation-opening step can be used to etch through the successive IMDs, provided that there is no etch-stop metal layers. The devices shown in Fig. 1 significant overetching (≈180%) for removing the top passivation layer, as well as all IMDs above metal 2. However, when a lower metal layer of the process (i.e., metal 1) is utilized, a rather uniform (R A = ±8 nm) SiO 2 layer is left on top of it, effectively resulting in the structure shown in Fig. 2 . The consistency of this method is illustrated through the measured depth profiles of the two devices and particularly the attainable etch depth through the metal 2 slotting that reaches the same depth as the metal-1 device.
III. IMPLEMENTED DEVICE STRUCTURE
Based on this technique, an ISFET of electrical aspect ratio (W/L) 200 μm/0.35 μm and 100 μm × 32 μm surface (chemical sensing) area was designed and fabricated in a commercially available 0.35-μm CMOS technology. This device utilizes a thin dielectric on the gate metal to act as the sensing membrane (Fig. 2) . The bare dies were attached onto a PCB dipstick using conductive epoxy. The dies were wire bonded onto the PCB substrate and then encapsulated with a 7.5-μm-thick Parylene conformal layer, using the method described in [12] .
IV. MEASURED RESULTS
In order to benchmark the performance of the proposed devices with that of conventional CMOS ISFET devices [2] , we also fabricated reference devices, i.e., conventional ISFETs (STD) of the same electrical and chemical dimensions on the same die. All devices were characterized using a Keithley SCS-4200, with an external Ag/AgCl reference electrode providing the remote gate biasing. All tests were repeated in buffer solutions of pH 4, 7, and 10.
A. Chemical Sensitivity
The I D -V GS curves of all devices are shown in Fig. 3 , confirming the electrical functionality. The proposed device demonstrates a chemical sensitivity of 33 mV per unit pH, which is comparable to that exhibited by the STD devices. It is also observed that the average threshold voltage V T of the passivation-opening ISFET is much smaller (−1 V) than the STD devices (−3 V) ( Table I ). This demonstrates that the floating gate of these devices has better immunity to trapped charge than ISFETs that utilize the full stack of the technology.
Leakage current through the reference electrode is often used as a representative figure of merit on an encapsulation's integrity [12] . Given that the proposed device structure aggravates the already disturbed surface uniformity of CMOS technology, one would expect large leakage currents to be measured. Yet, as observed in Fig. 2 , Parylene conformal coatings demonstrate excellent adhesion, with the reference leakage currents being of the same level (nA) for both the STD and pad-open ISFETs.
B. Chemical Transconductance Efficiency
Conventional CMOS ISFETs demonstrate a low effective transconductance due to an increased voltage division caused by the capacitance ratio between MOS gate and sensing membrane dielectrics. The proposed topology tackles this issue by using a sensing membrane that is significantly thinner than in conventional ISFETs (5%-11%). Fig. 4 shows the transconductance of both types of sensors, with the passivation-opening ISFETs exhibiting a maximum transconductance which is double of the conventional devices, also shown in Table I . For consistency, all devices were biased under the same conditions, with the transconductance curves given for all chemical tests (pH 4, 7, and 10).
C. Noise
ISFET devices are normally prone to a high noise power spectral density, as they are directly exposed to aqueous solutions that contain Na + and K + ions. Undoubtedly, the proposed device is expected to manifest a higher 1/f noise floor, owing to the fact that the passivation of the die has been disturbed. Fig. 5 shows the noise power spectral density of all devices. As anticipated, the noise is increased by approximately two orders of magnitude, which however is still at acceptable levels for chemical sensors. Representative figures are given in Table I with noise being integrated over the dc 0.5-Hz frequency spectrum.
D. Drift
The direct contact between an aqueous solution and the sensing membrane tends to alter the membrane surface chemistry by additional oxidation growth or even penetrating impurities. This drift effect is clearly shown in Fig. 6 . Although CMOS IMDs have demonstrated significantly higher sensitivities than the Si 3 N 4 top passivation (as shown in Fig. 3 ), they demonstrate inferior drift performance due to the IMD nature.
This type of ISFETs is ideal for applications whereby the indication of the presence of a reaction is required to be detected rather than the absolute concentration of the analyte itself. Examples of this type of reaction monitoring include the detection of single nucleotide polymorphisms in a strand of DNA, whereby the reaction of one single nucleotide is required to be detected in comparison to the three other base pairs [13] . A common technique to overcome this is to implement a microfluidic platform such that a differential measurement can be employed to reduce drift to tens of millivolts per hour.
V. CONCLUSION
A novel technique has been presented for fabricating ISFET sensors in commercially unmodified CMOS technologies. The proposed device structure utilizes an IMD layer as the sensing membrane and avoids the use of the full technology stack that is prone to parasitic effects as the trapping of charges. Significant performance enhancement is shown in both the chemical sensitivity and effective transconductance of the sensors, while the reference leakage current level is generally unaffected. The proposed sensors exhibit lower threshold voltage, while their drift and noise performance are shown to be at acceptable levels, particularly when the active region of the device is under the encapsulant.
